Sensory hair cells rely on otoferlin as the calcium sensor for exocytosis and encoding of sound preferentially over the neuronal calcium sensor synaptotagmin. Although it is established that synaptotagmin cannot rescue the otoferlin KO phenotype, the large size and low solubility of otoferlin have prohibited direct biochemical comparisons that could establish functional differences between these two proteins. To address this challenge, we have developed a singlemolecule colocalization binding titration assay (smCoBRA) that can quantitatively characterize full-length otoferlin from mammalian cell lysate. Using smCoBRA, we found that, although both otoferlin and synaptotagmin bind membrane fusion SNARE proteins, only otoferlin interacts with the L-type calcium channel Cav1.3, showing a significant difference between the synaptic proteins. Furthermore, otoferlin was found capable of interacting with multiple SNARE and Cav1.3 proteins simultaneously, forming a heterooligomer complex. We also found that a deafness-causing missense mutation in otoferlin attenuates binding between otoferlin and Cav1.3, suggesting that deficiencies in this interaction may form the basis for otoferlin-related hearing loss. Based on our results, we propose a model in which otoferlin acts as a calcium-sensitive scaffolding protein, localizing SNARE proteins proximal to the calcium channel so as to synchronize calcium influx with membrane fusion. Our findings also provide a molecular-level explanation for the observation that synaptotagmin and otoferlin are not functionally redundant. This study also validates a generally applicable methodology for quantitatively characterizing large, multivalent membrane proteins.
Sensory hair cells rely on otoferlin as the calcium sensor for exocytosis and encoding of sound preferentially over the neuronal calcium sensor synaptotagmin. Although it is established that synaptotagmin cannot rescue the otoferlin KO phenotype, the large size and low solubility of otoferlin have prohibited direct biochemical comparisons that could establish functional differences between these two proteins. To address this challenge, we have developed a singlemolecule colocalization binding titration assay (smCoBRA) that can quantitatively characterize full-length otoferlin from mammalian cell lysate. Using smCoBRA, we found that, although both otoferlin and synaptotagmin bind membrane fusion SNARE proteins, only otoferlin interacts with the L-type calcium channel Cav1. 3 , showing a significant difference between the synaptic proteins. Furthermore, otoferlin was found capable of interacting with multiple SNARE and Cav1.3 proteins simultaneously, forming a heterooligomer complex. We also found that a deafness-causing missense mutation in otoferlin attenuates binding between otoferlin and Cav1.3, suggesting that deficiencies in this interaction may form the basis for otoferlin-related hearing loss. Based on our results, we propose a model in which otoferlin acts as a calcium-sensitive scaffolding protein, localizing SNARE proteins proximal to the calcium channel so as to synchronize calcium influx with membrane fusion. Our findings also provide a molecular-level explanation for the observation that synaptotagmin and otoferlin are not functionally redundant. This study also validates a generally applicable methodology for quantitatively characterizing large, multivalent membrane proteins.
exocytosis | membrane fusion | calcium | otoferlin | calcium channel S ensory hair cells encode sound by converting mechanical motion into chemical signals. Hair cell synapses accommodate this unique functional demand via a set of adaptations that distinguish it from neuronal synapses, including reliance on the L-type calcium channel Cav1.3 in place of the P-and N-type calcium channels found at most neuronal synapses ( Fig. 1 A and B) (1) (2) (3) (4) (5) (6) . During maturation, hair cells also cease expression of the two C2 domain protein synaptotagmin I, which serves as the calcium sensor for neurotransmitter release at neuronal synapses (7) . Although lacking synaptotagmin, mature hair cells express the six C2 domain protein otoferlin, which is proposed to function as the calcium sensor for exocytosis in mature sound-encoding synapses (8) . In agreement with this belief, KO studies have linked otoferlin to sensory hair cell exocytosis, and in vitro studies on otoferlin have concluded that several C2 domains bind SNARE proteins and stimulate membrane fusion in a calcium-sensitive manner (2, (8) (9) (10) . However, a recent cell-based study concluded that synaptotagmin cannot rescue the otoferlin KO phenotype, arguing against a simple functional redundancy between these C2 domain proteins (11) . The functional differences between synaptotagmin and otoferlin are unclear, however, because of the large size and low solubility of full-length otoferlin, which has prohibited direct comparisons between synaptotagmin and otoferlin. In addition, contradicting conclusions using truncated forms of otoferlin indicate that the activities of the individual domains may not fully recapitulate the activity of the whole protein (12) . A means of functionally characterizing the full-length otoferlin protein as well as conducting more in-depth comparative studies between otoferlin and synaptotagmin would be beneficial to our understanding of the differences between vesicle trafficking events at the synapses of hair cells and neurons.
To address this challenge, we have developed a single-molecule colocalization binding titration assay (smCoBRA) that can quantitatively characterize the entire cytoplasmic region of otoferlin enriched from mammalian cell lysate. Using smCoBRA, we find that both otoferlin and synaptotagmin bind SNARE proteins, with a single otoferlin interacting with up to four SNARE proteins simultaneously. In addition, otoferlin could interact with as many as four Cav1.3. By contrast, synaptotagmin did not interact with Cav1.3, highlighting a functional difference between these C2 domain proteins. We also found that otoferlin could interact with both SNARE and Cav1.3 simultaneously, forming a heterooligomer complex, and that physiologically relevant calcium concentrations alter both the stoichiometry and affinity. Based on our results, we propose a model in which otoferlin, but not synaptotagmin, acts as a calcium-sensitive scaffolding protein that localizes SNARE proteins proximal to the Cav1.3 calcium channel so as to synchronize calcium influx with membrane fusion. 
Results

Significance
Congenital hearing loss is a common disorder, and over 60 mutations in the sensory hair cell protein otoferlin have been linked to hearing loss. Although otoferlin is essential for hearing, the large size and low solubility of the protein have limited approaches to study the protein and prevented a molecular-level explanation for otoferlin-related forms of deafness. To overcome these challenges, we have developed a single-molecule fluorescence assay, which has allowed us to quantitatively probe otoferlin. The results of our studies suggest that otoferlin serves as a calcium-sensitive linker protein that places the synaptic vesicle near the calcium channel. This close apposition allows for fast membrane fusion and exocytosis of neurotransmitter in response to sound. antibody specifically immunoprecipitated otoferlin, we subsequently probed immunoprecipitated samples and found that mCherryLoop1.3 coimmunoprecipitated with YFP-otoferlin ( Fig. 2 A and B) . By contrast, mCherry-Loop1.3 did not immunoprecipitate in samples lacking YFP-otoferlin. Furthermore, immunoprecipitation of YFP from cells cotransfected with YFP and mCherry-Loop1.3 did not coimmunoprecipitate mCherry-Loop1.3 ( Fig. 2 A and B) . We also tested for otoferlin-Loop1.3 interaction using a GST pulldown assay with otoferlin constructs composed of either the first three C2 domains (C2ABC) or the last three domains (C2DEF). When tested, GST-Loop1.3 was found to bind to both otoferlin constructs, whereas GST alone did not interact with either otoferlin construct (Fig. S1 ). Based on these results, we conclude that otoferlin specifically interacts with the cytoplasmic loop of Cav1.3.
Single-Molecule Studies of the Otoferlin-Loop1.3 Interaction. Although requiring low amounts of sample, coimmunoprecipitation assays and GST pulldowns cannot provide accurate affinity or stoichiometric binding information. By contrast, other more quantitative techniques require prohibitively high sample concentrations. To overcome these challenges, we developed a total internal reflection fluorescence microscopy (TIRFM)-based single-molecule colocalization binding titration method that we applied to quantitatively probe the interaction between Loop1.3 and YFP-otoferlin derived from transfected HEK293 cells. As depicted in Fig. 2C , the design principle involves immobilizing YFP-otoferlin onto a glass coverslip using a YFP antibody conjugated to a PEG-biotin surface (13, 14) . This immobilization scheme orients the protein in a biomimetic manner and leaves the protein free to bind ligands. After extensive washing of the surface to remove nonspecifically bound cell lysate components, fluorescent puncta corresponding to YFP-otoferlin were observed, and subsequent stepwise titration of fluorescently tagged Loop1.3 resulted in colocalized puncta because of interaction between otoferlin and Loop1.3. Given that intracellular calcium concentrations in sensory hair cells can vary from less than 1 to over 30 μM, we conducted Loop1.3 titrations in the presence of 0.1, 1, 15, 30, and 50 μM free calcium. Incubation times adequate for reaching equilibrium were given for each concentration tested as determined by an invariant number of colocalized puncta over time at a given concentration. When titrated, an increasing number of colocalized Loop1.3-otoferlin puncta were observed that reached a maximum percentage colocalization at Loop1.3 concentrations of 10 μM (Fig. 2D ). At this concentration, >90% of the YFP-otoferlin puncta colocalized with Loop1.3 ( Fig. S2) . The resulting colocalization data were fit to a Langmuir isotherm equation, and the best fit of the data indicates a 30-fold change in the K d value (from 0.04 ± 0.02 to 1.14 ± 0.07 μM) when the free calcium concentration increased from 0.1 to 50 μM. Colocalization between otoferlin and Loop1.3 was further verified through calculation of Mander's coefficients, M1 and M2 ( Fig. 2E ) (15) . As expected, M1, which represents the analyte (otoferlin) channel colocalization coefficient, was found to increase over the course of the titrations, whereas M2, which represents the colocalization coefficient for the titrant (Loop1.3), remained at ∼1 and did not significantly change. To ensure that colocalization was not caused by Loop1.3 interaction with YFP, we immobilized YFP at surface densities similar to YFP-otoferlin surface densities (Fig. S3 ) and titrated Loop1.3. We found no colocalization between Loop1.3 and YFP to the limit of the Loop1.3 concentrations (50 μM) tested.
Synaptotagmin Does Not Interact with the Cytoplasmic Loop of
Cav1.3. At conventional neuronal presynapses, synaptotagmin I binds both the syntaxin1/SNAP-25 neuronal SNARE heterodimer and the intracellular loop connecting domains II and III of N-type calcium channels, serving as a direct link between calcium influx and neurotransmitter release ( Fig. 1) (1, 16 ). This region of N-type channels is analogous to Loop1.3. To test whether synaptotagmin interacts with Loop1.3, we immobilized a recombinant form of synaptotagmin at surface densities similar to those of the otoferlin samples ( Fig. S3 ) and titrated fluorescently labeled Loop1.3 (Fig.  2F) . We found that Loop1.3 did not colocalize with synaptotagmin to the limit of the Loop1.3 concentrations tested, regardless of calcium concentration (Fig. 2F ). In agreement with previous studies, however, we found that immobilized synaptotagmin did colocalize with the intracellular loop connecting domains II and III of Cav2.2 (Fig. 2G ). This interaction was found to be calciumsensitive, with a K d of 1.06 ± 0.03 μM at 0.1 μM calcium and 0.10 ± 0.03 μM at 50 μM calcium. Thus, although synaptotagmin binds the loop spanning domains II and III in N-type channels, it does not appear to interact with the loop connecting domains II and III in L-type channels, suggesting that otoferlin and synaptotagmin differ in their calcium channel binding specificity.
Multiple Otoferlin C2 Domains Mediate Interaction with Loop1.3. To determine the stoichiometry of the otoferlin-Loop1.3 interaction, we conducted single-molecule photobleaching assays on heteromers composed of YFP-otoferlin complexed with mCherryLoop1.3 (17) . mCherry is thought to be monomeric, and for our studies, we assume that the mCherry is properly folded and mature. We first measured the bleaching of YFP-otoferlin puncta and found that the majority (60%) of the observed YFP-otoferlin bleaching events were single step. However, a small number of two-and three-step bleaching events was detected, which may represent otoferlin oligomers or closely spaced monomers. To simplify interpretation, we choose only puncta with a single YFPotoferlin bleaching step for study of otoferlin-Loop1.3 stoichiometry. Analysis of otoferlin-Loop1.3 colocalized puncta revealed one, two, and three Loop1.3 bleaching steps for a given single YFP-otoferlin in the presence of 1 mM EDTA (mean steps = 2.36; SD = 0.76; n = 2,300) and an increase in both the number of four-step bleaching events and the mean number of steps (mean steps = 2.49; SD = 1.12; n = 2,300) in the presence of 200 μM free calcium (Fig. 3) (18) .
To identify the regions of otoferlin that mediate the interaction with Loop1.3, we repeated the smCoBRA measurements with individual C2 domains of otoferlin fused to YFP (Fig. 4) . We found that YFP-tagged C2C and C2E domains did not colocalize with Loop1.3, regardless of Loop1.3 or calcium concentration. However, YFP-conjugated C2A, C2B, and C2D bound Loop1.3 at all calcium concentrations tested (from 0.1 to 50 μM). Interaction between the C2F domain and Loop1.3-mCherry was only detected in the presence of calcium concentration above 1 μM (Fig. 4D) . To determine the stoichiometry of individual C2 domain-Loop1.3 interactions, we conducted single-molecule photobleaching assays on YFP-C2 domain and Loop1.3-mCherry complexes. Analysis of colocalized puncta revealed a single calcium-independent Loop1.3-mCherry bleaching step per single YFP-C2 domain for C2A, C2B, and C2D and a single calcium-dependent bleaching step for C2F, corroborating our observations of four Loop1.3 bleaching steps with the longer otoferlin construct. We conclude that four C2 domains can interact with Loop1.3, with the C2F domain interacting with Loop1.3 in a calcium-sensitive manner.
Otoferlin Can Bind Loop1.3 and SNAREs Simultaneously. At neuronal presynapses, synaptotagmin I binds the syntaxin1/SNAP-25 neuronal soluble NSF attachment protein receptor (t-SNARE) heterodimer and functions as a calcium sensor for neurotransmitter release (1, 19) . Although it is not completely clear which SNAREs drive exocytosis in sensory hair cells, previous studies have shown that the individual C2 domains of otoferlin bind the t-SNARE heterodimer (2, 9). However, no study has tested whether full-length otoferlin can bind multiple t-SNARE heterodimers or whether otoferlin can bind Loop1.3 and SNAREs simultaneously. To address this gap in our knowledge, we first verified the otoferlin-SNARE interaction using smCoBRA. When tested, a fluorescently labeled t-SNARE heterodimer colocalized with surface-immobilized YFP-otoferlin. Binding was determined to be calcium-sensitive, with an apparent K d of 5.27 ± 0.04 μM at 0.1 μM and 0.17 ± 0.02 μM at 30 μM free calcium based on the best fit to a Langmuir equation (Fig. 5A) . Colocalization between otoferlin and the SNARE heterodimer was validated by calculation of Mander's coefficients M1 and M2 (Fig. 5B) . No significant colocalization was observed between SNARE heterodimer and surface-immobilized YFP, despite similar densities to YFP-otoferlin (Fig. 5C ), suggesting that otoferlin mediates the interaction with the SNARE heterodimer. Analysis of photobleaching measurements on otoferlin-SNARE complexes indicates that one otoferlin interacts with multiple t-SNAREs ( Fig. 5 D and E) . We also tested for synaptotagmin-t-SNARE interaction and found that, in agreement with previous studies, immobilized synaptotagmin bound t-SNAREs with an affinity of 0.29 μM at 50 μM calcium (Fig. S4) , similar to the submicromolar affinity reported previously (20) .
To determine the C2 domains of otoferlin responsible for the observed otoferlin-SNARE interaction, the SNARE heterodimer was titrated against each individual YFP-C2 domain. C2A, C2B, C2C, and C2E were found to colocalize with the t-SNARE heterodimer in a calcium-enhanced manner, whereas the C2F domain colocalized with the heterodimer only in the presence of greater than 1 μM free calcium. Best fits to a Langmuir equation yielded binding constants listed in Table S1 .
Although traditional techniques, including isothermal titration calorimetry and fluorescence anisotropy, can quantitatively characterize interactions in two-component systems, these techniques are not well-suited to measure three-component interactions. The ability to visualize three-color colocalization with smCoBRA distinguishes itself from these more traditional assays, and having established that otoferlin directly interacts with t-SNAREs and Loop1.3, we next sought to determine if binding occurs simultaneously or competitively through three-color colocalization. To test for simultaneous binding, we titrated Alexa647-Loop1.3 onto complexes composed of immobilized YFP-otoferlin bound to Alexa405 t-SNAREs (Fig. 6A) . Alternatively, we titrated the t-SNARE heterodimer onto complexes composed of immobilized otoferlin bound to Loop1.3 (Fig. 6B) . To ease interpretation, the titrations were conducted with a constant concentration of the ligand that composed the starting complex at near-saturating levels (2 μM Loop1.3 during t-SNARE titrations and 2 μM t-SNARE during Loop1.3 titrations). Regardless of the order, we found that Loop1.3/otoferlin/SNARE complexes could be formed in a dose-dependent manner as determined by colocalization of three distinct fluorophores, indicating that Loop1.3 and SNAREs can bind otoferlin simultaneously. Colocalization was validated by determination of Mander's colocalization coefficients (Fig. S6) . To test for calcium sensitivity, titrations were conducted at several calcium concentrations (0.1-50 μM), and the best fit parameters are reported in Table S2 . No colocalization was detected when Alexa647-Loop1.3 was titrated onto samples containing immobilized Alexa405-t-SNARE, indicating that Loop1.3 does not interact with t-SNAREs. Fig. 6 shows a comparison of the dissociation constants for ligand binding separately (Fig. 6C ) or simultaneously to otoferlin (Fig. 6D) as a function of calcium.
The Otoferlin L1011P Pathogenic Point Mutation Abrogates Binding Between C2D and Loop1.3. Mutations in otoferlin that prevent neurotransmitter release from sensory hair cells result in a form of nonsyndromic hearing loss known as DFNB9 (21, 22) . One such pathogenic mutation in humans is L1011P in the C2D domain (L1010P in mouse), which has recently been shown to diminish binding to Loop1.3 (2) . To better understand how this mutation affects otoferlin and further test smCoBRA, we used site-directed mutagenesis to introduce the L1010P point mutation into our YFPotoferlin construct (otoferlin L1010P ). We found that immobilized otoferlin L1010p required greater concentrations of mCherryLoop1.3 to reach saturation and bound with diminished affinity relative to WT otoferlin ( Fig. 7A ; K d values are listed in Table S2 ), despite immobilization surfaces densities similar to WT YFPotoferlin (Fig. S3 ). In addition, the mean number of mCherryLoop1.3 photobleaching steps was reduced in the mutant compared with the WT in EDTA (WT mean = 2.36; SD = 0.76; otoferlin L1010p mean = 1.57; SD = 0.57; P < 0.01) and 200 μM free calcium (WT (Fig. 7 B and C) . We also found that samples composed of otoferlin L1010P -t-SNARE complexes had a reduction in the mean number of t-SNARE photobleaching events, indicating that the mutation attenuates SNARE binding (Fig. S7) .
The loss in binding affinity and reduction in stoichiometry suggest that the L1010P mutation abrogates the C2D-Loop1.3 interaction. We, therefore, tested a single C2D domain mutant YFP-C2D L1010P for interaction with Loop1.3 or t-SNAREs. When tested, we found that the point mutation abrogated colocalization of the C2D domain with both the Loop1.3 and the t-SNARE heterodimer (Fig. 7,  D and E) . Lastly, to test whether the L1010P mutation resulted in loss of structure, we collected CD spectra of WT and C2D L1010P constructs (Fig. 7F) . Both spectra displayed a minimum between 200 and 210 nm.
Discussion
Otoferlin plays an essential role as a calcium-sensitive regulator of exocytosis in sensory hair cells; however, the mechanism of otoferlin activity is currently unknown. The results of our studies indicate that otoferlin is a multivalent protein capable of binding multiple copies of the cytoplasmic loop of Cav1.3 and SNARE proteins simultaneously (Fig. 6 ). This interaction seem to be mediated by the C2 domains of otoferlin. Previous studies that we have conducted showed that the C2 domains of otoferlin bind calcium and phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] lipids (9, 10, 23, 24) . We, therefore, propose a model where vesicleassociated otoferlin acts as a scaffolding protein that first targets the presynaptic membrane via interaction with PI(4,5)P2 and subsequently interacts with calcium channels and membrane fusion machinery (one or more SNARE isoforms). The linking of the synaptic vesicle, presynaptic calcium channel, and membrane fusion proteins in close spatial proximity would reduce the "reaction space" and increase the fidelity and precision of exocytosis in response to presynaptic calcium influx. Our observation that multiple C2 domains interact with Cav1.3 suggests that some C2 domains may be somewhat functionally redundant. Indeed, it was reported that exogenous truncated forms of otoferlin lacking one or more C2 domains could rescue balance and startle reflex in zebrafish lacking endogenous otoferlin (25) . This observation may be explained if the truncated otoferlin constructs retained at least one C2 domain capable of binding Cav1. 3 .
We found that the neuronal synaptic calcium sensor synaptotagmin I interacted with the loop II-III region (synprint) of Cav2.2, in agreement with previous reports (Fig. 2G) . Unexpectedly, however, synaptotagmin I did not interact with the loop II-III (Loop1.3) region of Cav1.3 (Fig. 2F) . The loop II-III region of voltage-gated calcium channels is thought to contribute to exo-and endocytotic processes through direct interaction with synaptic proteins. We speculate that the inability of synaptotagmin I to rescue the otoferlin KO phenotype may be caused by the loss of interaction between Cav1.3 and the synaptic vesicle calcium sensor. Another important distinction between otoferlin and synaptotagmin is that the synaptotagmin-Cav2.2 interaction is reported to be mediated solely by the C2B domain in a 1:1 ratio, whereas multiple otoferlin C2 domains can interact with the II-III loop region of Cav1.3 (Fig. 4) . Although it is thought that otoferlin does not influence channel activity, the characteristics of exocytosis proximal to the channel may be influenced by the biophysical properties of a given C2 domain and how many domains are bound to channels. In our studies, we also found that calcium increased the binding affinity of synaptotagmin for the loop region of Cav2.2, whereas calcium decreased slightly but significantly the affinity between otoferlin and Loop1.3.
In characterizing otoferlin, we developed the smCoBRA method, which quantitatively characterizes multicomponent heteromeric complexes. This method both allows for measurement of the multivalence, stoichiometry, and binding affinities of large multidomain proteins and is compatible with the small amounts of protein produced from mammalian cell culture. A distinguishing capability of smCoBRA is the ability to colocalize three fluorescently conjugated proteins simultaneously, titrate one of the proteins onto a complex of the other two, and obtain dissociation constants. smCoBRA is generally applicable and therefore, a viable method to interrogate proteins that are not obtainable at high concentrations.
Materials and Methods
SI Materials and Methods includes plasmid constructs, cell culture, transfection procedure, coimmunoprecipitation assay, GST pulldown, total internal reflection microscopy (TIRF) photobleaching, single-molecule titration assay, and CD protocols.
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